selection of superior landraces as well as crossing of genotypes selected for desirable traits such as yield, tuber quality, agroecological adaptation, and resistance to biotic and abiotic stresses (Asiedu et al., 1998) . However, the use of advanced breeding methods in this crop has remained slow and difficult, mainly because very little is known about yam genetics.
Yam breeding is constrained by several inherent attributes of the crop including a long growth cycle, inconsistent or no flowering, dioecy, nonsynchronous flowering of parental genotypes, polyploidy, and high heterozygosity (Asiedu et al., 1998) . Additionally, the available yam genetic resource is poorly characterized, limiting utility of the existing diversity in crop improvement programs. Efforts to generate genetic tools and genomic resources for accelerated yam breeding are currently underway including whole genome sequencing of D. rotundata and isolation of molecular markers such as microsatellites or simple sequence repeats (SSRs) and single nucleotide polymorphisms (SNPs).
Molecular markers are important tools for applications such as estimating genetic diversity and phylogenetic relationships, cultivar identification, mapping of majoreffect genes and QTLs, assessing population structure, selection of desirable genotypes in breeding programs, and for authentication of progenies obtained from genetic crosses. Simple sequence repeat markers are very popular because they are codominant and multiallelic and, thus, are more informative than dominant markers (Zalapa et al., 2012) . To date, only a few genomic SSR markers have been developed for D. cayenensis and the other Dioscorea species (Terauchi and Konuma, 1994; Mignouna et al., 2003; Mizuki et al., 2005; Tostain et al., 2006; Hochu et al., 2006; Siqueira et al., 2011; Silva et al., 2014) (Table  1 ). In the present work, we describe the development of genomic SSR markers for yellow Guinea yam (D. cayenensis) using the method of enriched microsatellite libraries and demonstrate their use in multiple Dioscorea species.
MATERiAlS ANd METHodS dNA isolation and Plant Materials
DNA for constructing a genomic library was extracted from lyophilized leaf samples collected from a D. cayenensis accession TDc2082 grown at the International Institute of Tropical Agriculture (IITA) using the DNeasy plant mini kit (Qiagen) Burkill] , and 11 aerial yam (D. bulbifera L.) were selected from the IITA yam germplasm collection and used for testing the polymorphisms and transferability of the isolated SSR markers as well as for assessing the genetic relationship among the species. For these purposes, DNA was isolated by a standard CTAB (cetyl trimethyl ammonium bromide) method after an initial washing of samples with 0.1M HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer to remove contaminating polysaccharides.
Construction of Genomic libraries and Cloning
Microsatellites enrichment was undertaken following the method described by Glenn and Schable (2005) . Briefly, DNA was first digested with restriction enzymes RsaI and BstUI (New England Biolabs) in separate reactions, and fragments generated by RsaI were ligated to double-stranded SuperSNX linkers (SuperSNX24 Forward 5¢-GTTTAAGGCCTAGCTAGCAGCAGAATC and SuperSNX24+4P Reverse 5¢-GATTCTGCTAGCTAG-GCCTTAAACAAAA). Linker-ligated DNA was enriched with three mixes of biotinylated microsatellite oligo [Mix 2 = (AG) 12 , (TG) 12 , (AAC) 6 , (AAG) 8 , (AAT) 12 , (ACT) 12 , (ATC) 8 ; Mix 3 = (AAAC) 6 , (AAAG) 6 , (AATC) 6 , (AATG) 6 , (ACAG) 6 , (ACCT) 6 , (ACTC) 6 , (ACTG) 6 ; Mix 4 = (AAAT) 8 , (AACT) 8 , (AAGT) 8 , (ACAT) 8 , (AGAT) 8 ], which were then captured on magnetic streptavidin beads (Dynal). Unhybridized DNA was removed by washing and the remaining DNA was eluted from the beads, amplified by polymerase chain reactions (PCR) using the forward SuperSNX24 primer, and cloned with Invitrogen TOPO-TA Cloning Kit (Invitrogen; http://www.lifetechnologies.com, accessed 15 May 2015).
Simple Sequence Repeat identification and Primer design
Following PCR amplification of colonies, plasmids were extracted from colonies containing inserts of the expected sizes and were sequenced with the M13 forward and reverse primers using the BigDye DNA sequencing kit (Applied Biosystems). Sequences from both strands were assembled and edited using GENETYX for Mac (GENETYX-MAC; https://www.genetyx.co.jp, accessed 15 May 2015). Microsatellites were identified using MsatCommander version 1.8.1 (Faircloth, 2008) , and primers were designed with the Primer3 software provided in the GENEYX-MAC program.
Polymerase Chain Reaction and Electrophoresis
All PCRs were performed on a DNA Engine PTC-200 thermal cycler (Bio-RAD) in a total volume of 10 µL containing 1X ExTaq Buffer (TaKaRa), 200 µM of dNTPs, 1 µM of each forward and reverse primer, 0.5 U of Takara ExTaq HS, and approximately 20 ng of template DNA. The amplification condition was 3 min initial denaturation at 94°C, followed by 35 5-trinucleotide, or 4-tetranucleotide repeats as identified by MsatCommander (Faircloth, 2008) , but only 110 contained adequate flanking regions for primer design. Primer pairs were designed for these 110 products, which were then tested for PCR amplification and reproducibility. Accordingly, 90 produced reliable PCR products of the expected sizes. These SSR-containing sequences were named as YM (yam markers) followed by consecutive numbers ( 
RESulTS isolation of Simple Sequence Repeats from D. cayenensis Genomic dNA library
A total of 432 positive clones harboring inserts of the expected sizes were identified by PCR and sequenced by Sanger sequencing. Of these, 171 generated SSR-containing unique sequences at least with 6-dinucleotide, (Table 3 ). All the SSRs were polymorphic in D. cayenensis, with the number of alleles detected (A), as well as the observed (H o ) and expected (H e ) heterozygosities ranging from 2 to 8 (mean = 3.9), 0.00 to 1.00 (mean = 0.156), and 0.403 to 0.833 (mean = 0.634), respectively. The same markers were also polymorphic in D. rotundata, with A ranging from 3 to 30 (mean = 13.9), while H o and H e ranged from 0.00 to 0.938 (mean = 0.326) and 0.559 to 0.950 (mean = 0.853), respectively. In D. alata, 27 SSRs (90%) successfully amplified PCR products of the expected sizes that were all polymorphic. For these markers, A ranged from 2 to 22 (mean = 12.1), while H o and H e were from 0.000 to 0.792 (mean = 0.247) and 0.500 to 0.932 (mean = 0.836), respectively. The polymorphism and high level of transferability of these markers to D. rotundata and D. alata demonstrate their utility in these two economically important species globally.
To further evaluate the transferability of these markers to species outside the D. Sect. Enantiophyllum (Burkill, 1960) or the Enantiophyllum clade (Wilkin et al., 2005) Of these, six (66.7%) were polymorphic, whereas all eight (26.7%) SSRs that were transferred to D. esculenta were monomorphic. In D. bulbifera, 7 (23.3%) markers could detect the correct amplicon, but only two (28.6%) were polymorphic. Overall, the transferability of the new SSRs to Dioscorea species beyond the D. Sect. Enantiophyllum or Enantiophyllum clade is very low.
Analysis of Genetic Relationship among Dioscorea Species
To test the suitability of the new SSRs for studying the genetic relationship among the major Dioscorea species, we selected six markers that gave amplification in at least four of the five species considered after excluding D. esculenta from the analysis owing to the small number of accessions (Table 4) . Accordingly, a dendrogram generated on the basis of genetic distances calculated by the neighborjoining method identified accessions at species level (Fig.  1) . Consistent with the relatedness of D. rotundata and D. cayenensis and the existence of genotypes intermediate between the two, there was overlap in the clustering of some accessions representing these two species. Additionally, D. alata and D. bulbifera accessions both formed clusters distinct from the other species studied. However, the scattering of D. dumetorum accessions among Guinea yam accessions was unexpected and contradicts earlier reports that showed this species is distinct from species of the Enantiophyllum clade or is grouped together with D. bulbifera within the compound-leafed clade (Chaïr et al., 2005; Wilkin et al., 2005) .
diSCuSSioN
In the present study, we developed 90 D. cayenensis SSR markers and demonstrated their utility in multiple Dioscorea species. Overall, the degree of transferability of these new SSRs to other Dioscorea species reflected their taxonomic relationships as previously demonstrated by Tostain and colleagues (2006) . The higher level of transferability to D. rotundata is consistent with the relatedness of these two species of African origin. Guinea yams have been described by some authors as the D. cayenensis-rotundata species complex (Chaïr et al., 2005; Dansi et al., 2013) , while others have suggested that D. cayenensis is a variety of D. rotundata (Terauchi et al., 1992) . In general, the genetic relatedness of the species inferred on the basis of six selected SSRs reflected their botanical relationships (Fig. 1) , indicating the potential Table 4 . Transferability of the 30 selected simple sequence repeat markers to Dioscorea species beyond the Enantiophyllum clade. ++, polymorphic; +, monomorphic; -, no amplification; N, number of individuals.
No. Locus (Chaïr et al., 2005; Wilkin et al., 2005) . In addition to the small number of SSRs used for the analysis in this study, this finding is likely the result of the inherent nature of SSR markers. On the one hand, a major feature of SSR markers that led to their extensive application in genetic research is their extreme polymorphism resulting from high mutation rates of their sequences, which can discriminate individuals in a population from relatively few markers. Accordingly, SSRs are often isolated from a particular species of interest but used across related species or genera for applications such as genetic diversity analysis and phylogenetic construction. On the other hand, this high mutation rate can generate allelic homoplasy, which is when alleles are identical in state (or length) although not identical by descent, causing apparent similarity (Estoup et al., 2002; Barkley et al., 2009) . Allele size provides an adequate measure of genetic difference in studies involving closely related individuals, but when inference of phylogenetic relationships is made among distantly related species or over longer time scale, it is important to verify the SSR allele by sequencing the SSR (Chen et al., 2002; Barkley et al., 2009) . We believe that the SSR markers reported here are informative for species of the Enantiophyllum section or clade (D. rotundata, D. cayenensis, and D. alata) but will have limited practical value for species beyond this clade, particularly for making phylogenetic inferences. Despite the importance of yam as a subsistence and cash crop for millions of people across Africa and beyond, the existing diversity both in cultivated as well as wild species remains largely uncharacterized. Their ease of use, codominance, and high levels of polymorphism make SSRs the preferred markers for characterization of genetic diversity. Additionally, as most cultivated yam species are dioecious in nature, yam breeding relies on controlled pollination to generate mapping populations, a process that is prone to contamination by illegitimate pollen, especially in an open field. Confirming the legitimacy of genetic crosses is therefore an important requirement for genetic studies in yam. A few selected SSR markers that are polymorphic between parents used in genetic crosses can be effective for authentication of the progeny generated. We therefore believe that SSRs will continue to be the markers of choice in yam particularly for the modestly equipped national agricultural research systems that are located across the major yam-growing regions. In conclusion, the genomic SSR markers reported here provide additional public domain genomic resources for this economically important crop to serve as tools for yam genetic research, genetic diversity analysis, and selective breeding.
